Background: Stroke is one of the leading causes of death and disability for adult men and women worldwide, and a number of studies have explored the influences of smoking on stroke. However, few studies have discussed the relationship between stroke and smoking with consideration of the following factors: sex, the number of cigarettes smoked per day, stroke subtype, and the follow-up duration. Consequently, we aimed to extend previous work by using a systematic review to explore the relationship between stroke and cigarette smoking in reference to the above factors.
Introduction
Stroke, known as an acute cerebrovascular event closely related to brain tissue injury, is one of the leading causes of death and disability for adult men and women worldwide. [1] According to World Health Organization reports, every year, approximately 15 million people have a stroke, [2] leading to a substantial economic burden. Stroke can be divided into different subtypes: 87% are classified as ischaemic stroke (IS), 10% are classified as intracerebral hemorrhagic stroke (HS), and the remaining 3% are classified as subarachnoid HS. [3] Epidemiological studies have revealed that there are sex differences in stroke and that the burden from stroke in women was on the rise in Eastern Europe (post-socialist countries). [4] Smoking is prevalent all over the world, especially among youth and in developing countries. [5] Although policies using different measures have successfully encouraged people to quit smoking, the absolute global number of smokers has increased because of population growth. [6] According to the Centers for Disease Control and Prevention (CDC), their most recent data indicated that 20.8% of the US adult population smokes. [4, 7] Low nicotine-content cigarettes are generally believed to be relatively safe regarding the health effects. [8] However, smoking is still one of the most important risk factors for stroke, and previous studies have revealed a strong dose-dependent relationship between smoking and the risk of IS. [7, 9, 10] Other studies have also revealed that smoking has a close relationship with inflammatory factors, which play an important role in stroke pathogenesis. [11] [12] [13] In recent years, a number of studies have been conducted to explore the influences of smoking on stroke; [14, 15] however, few studies have been conducted to explore the relationship between stroke and smoking with consideration of the following factors: sex, the number of cigarettes per day, stroke subtype, follow-up duration, and so on. Consequently, we aimed to extend the previous work by using a systematic review to explore the relationship between stroke and cigarette smoking in reference to the above factors. The authors have no conflicts of interest to disclose.
Methods

Ethics statement
As all analyses were based on previously published studies, and no ethical approval or patient consent was required.
Search strategy
We conducted a systematic review using the PubMed, Embase, and Cochrane Central Register databases and the following search criteria ["stroke" (MeSH) and "smoking" (MeSH)]. The search was limited to studies published between January 1, 1980, and June 1, 2018. The studies must have included human subjects and must have been published in English. Furthermore, the references of the retrieved articles were manually searched for additional studies.
Selection criteria and data extraction
To meet the inclusion criteria, the original research should meet the following criteria.
1. The study was a case-control, cross-sectional, cohort or nested case-control design. 2. The study analyzed the relationship between smoking and stroke, and stroke was one of the endpoints of the results. 3. The relative risk ratios (RRs) and 95% confidence intervals (CIs) of the relationship between smoking and stroke were provided in the publication. 4. The overall risk of stroke (all types), as well as the risk of IS or HS, were reported as the outcomes of interest.
We excluded letters, comments, reviews, meta-analyses, ecological studies, and experimental studies.
Data extraction
For the included studies, we extracted the following information: the first author's name, the publication year, the country of the study population, the average age of the participants, the sample size, the smoking status of the participants, the follow-up duration, the number of stroke events, the odds ratios (ORs) and corresponding 95% CIs of stroke based on smoking status, and the covariates adjusted for in the statistical analysis. Two investigators, XJ and BQP, extracted the data independently; any disagreements they were resolved by discussion with a third investigator (MWQ).
Statistical analysis
RRs and 95% CIs were considered measures of effect size, and ORs and hazard ratios (HRs) were considered equal to RRs in view of the low incidence rates. Pooled risk estimates were performed based on smoking status. The number of cigarettes was divided into different categories across studies, and the mean or median number of cigarettes in each category was extracted. If the mean or median was not provided, the midpoint of each category was extracted. If the upper boundary of the highest category was not provided, we considered 1.2 times its lower boundary as the midpoint. If the lower boundary of the lowest category was not provided, we considered it to be 0. Heterogeneity was evaluated by the Q-test statistic. We performed a subgroup meta-analysis stratified by age, stroke subtype, and study sample size. Funnel plots and Egger regression asymmetry tests were used to assess publication bias. All analyses were conducted by Stata (version 12.0, StataCorp, College Station, TX). The significance level in this meta-analysis was set as 0.05.
Results
Study selection
In the initial search, a total of 486 studies were identified. After removing the duplicates, 108 studies remained and needed to be further evaluated. Sixty-eight studies were removed after reading the abstracts and titles. We excluded 26 studies for the following reasons: 14 studies did not report the relevant data (such as ORs) on smoking and stroke; 4 studies were commentaries, letters or editorials; and 8 studies did not evaluate the relationship between stroke and smoking status. For the final meta-analysis, 14 studies met the inclusion criterion and were included (Fig. 1 ).
Characteristics of the selected studies
A total of 14 studies including 303134 participants met the inclusion criteria, and 4050 stroke events were identified in the included studies (Table 1) . Among the included studies, 9 studies [14, [16] [17] [18] [19] [20] [21] [22] [23] were prospective cohort studies, 4 studies [9, 15, 24, 25] were case-control studies and 1 study [26] was a cross-sectional study. The publication years of the included studies were between 1988 and 2018. The sample sizes of the selected studies ranged from 1070 to 118539 participants. The average follow-up period ranged from 2 to 18 years. Four studies [9, 19, 21, 22] evaluated only men, 5 studies [17, 20, 23, 24, 26] evaluated only women, and 5 studies [17, 20, 23, 24, 26] included both men and women. Twelve studies defined former smokers and current smokers, and 2 studies did not refer to former smokers in the publications. In addition, among the included studies, 10 studies [14] [15] [16] [17] [18] [21] [22] [23] 25, 26] evaluated the relationship between smoking and overall stroke (stroke of any type), 2 studies [19, 20] evaluated only IS, and 2 studies [9, 24] evaluated only HS. Most of the included studies adjusted for potential confounding factors, including age, race, education, hypertension, alcohol use, and exercise.
Smoking and overall risk of stroke
The pooled OR for the relationship between current smoking and the risk of stroke is shown in Figure 3 . Smokers had an increased risk of overall stroke compared with nonsmokers, with a pooled OR of 1.61 (95% CI: 1.34-1.93). A subgroup analysis was conducted based on smoking status: the ORs were 1.92 (95% CI: 1.49-2.48) for current smokers and 1.30 (95% CI: 0.93-1.81) for former smokers. Significant statistical heterogeneity was noted in the studies reporting ORs for overall stroke (I 2 = 88.0%, P < .001), and a random-effects model was used in this metaanalysis (Fig. 2) .
Stratified analysis
To better explore the sources of heterogeneity between studies and the relationship between smoking and stroke, a stratified analysis was conducted based on effect modifiers or confounding factors. Based on the stratified analysis, the incidence rate of overall stroke increased in all the included subgroups. However, we did not find that sex significantly influenced the relationship between smoking and IS or HS. Furthermore, we found that the follow-up duration can significantly influence the observed relationship between smoking and stroke ( Table 2) . 
Former smoking and overall risk of stroke
According to the stratified analysis, the relationship between stroke of any type and current smoking was statistically significant; current smokers had an increased risk of stoke compared with nonsmokers (OR: 1.46, 95% CI: 1.04-2.07, P < .001), which was influenced by sex (men: OR: 1.54, 95% CI: 1.11-2.13, P = .002; women: OR: 1.88, 95% CI: 1.45-2.44, P < .023). However, we did not obtain the same results with overall stroke in former smokers versus nonsmokers (OR: 1.38, 95% CI: 0.99-1.92, P < .001), which did not change with sex. In former smokers, the ORs were 0.97 (95% CI: 0.68-1.39, P = .025) and 1.18 (95% CI: 0.72-1.92) for men and women, respectively (Fig. 3 ).
A dose-dependent relationship between current smoking and stroke
Among the included studies, 7 reported the details of the relationship between the number of cigarettes smoked and the incidence of stroke. In the dose-response meta-analysis, the non-linear association between cigarette smoking and stroke was non-significant (P for nonlinearity = .729). A linear Pan et al. Medicine (2019) 98:12 www.md-journal.com elevation in stroke incidence was observed when cigarette consumption increased, and the risk of stroke was increased by 12% for each increment of 5 cigarettes per day (95% CI: 0.01, 0.02, P < .001) (Fig. 4) .
Passive smoking and risk of stroke
From the analysis, we also observed that passive smoking can increase the overall risk of stroke by 45% (OR: 1.45, 95% CI: 1.0-2.11) compared with no current exposure to passive smoking, and this difference in risk was statistically significant (P < .05).
Publication bias
To evaluate the publication bias, funnel plots and Egger regression asymmetry tests were used. A funnel diagram did not show symmetry, which meant that publication bias existed in this meta-analysis. Consequently, a trim-and-fill method was conducted to evaluate the sensitivity, which hypothetically CI = confidence interval, HR = hazard ratios, HS = hemorrhagic stroke, IS = ischaemic stroke, RR = risk ratios.
Pan et al. Medicine (2019) 98:12 www.md-journal.com imputed 8 negative and unpublished studies that were missing from the initial analysis (Fig. 5 ).
Discussion
In this meta-analysis, we found an increased risk of stroke in smokers compared with nonsmokers, which was consistent with previous studies. An increased risk of stroke associated with current smoking was observed in most subgroups. In addition, there was a dose-dependent relationship between current smoking status and the overall risk of stroke, and the risk was increased by 12% for each increment of 5 cigarettes per day. However, we did not obtain the same results for the relationship between overall stroke and former smokers (OR: 1.38, 95% CI:
0.99-1.92, P < .001). According to the stratified analysis, there was a relationship between overall stroke and current smoking status regardless of sex, follow-up duration or study sample size. However, we did not obtain the same results with the HS and IS subgroups. The above factors investigated in this study significantly influenced the results. Although several meta-analyses have evaluated the relationship between smoking and stroke, [27] [28] [29] our meta-analysis provides new information and implications. Compared with the meta-analysis published in 1989, our meta-analysis updated the included studies and performed subgroup analysis based on smoking status. [27] Another meta-analysis published in 2011 only discussed the association between second-hand smoke exposure and stroke, [28] and the meta-analysis published in 2018 mainly discussed the association of low cigarette consumption and the risk of coronary heart disease and stroke. [29] For the previous cohort studies, most of the studies only considered 1 confounding factor. [9, 15, 24, 30] In our meta-analysis, we performed subgroup analysis with consideration of the following factors sex, the number of cigarettes smoked per day, stroke subtype, follow-up duration, and smoking status. We also performed a doseresponse analysis between the number of cigarettes per day and the risk of stroke. According to the results of the meta-analysis, we can conclude that current smokers have a relationship with the risk of stroke, which was consistent with finding from previous studies. However, in this meta-analysis, we did not find an association between former smokers and the incidence of stroke, indicating that quitting smoking has a positive effect on the incidence of stroke. This result highlights the benefits of smoking cessation on stoke outcomes.
In this meta-analysis, minor differences were observed between sexes. In the subgroup analysis, we found that there was a greater risk of stroke for women. Earlier studies also revealed a strong dose-dependent relationship between smoking and stroke among women. [23, 24] Current use of oral contraceptives and a higher dose of harmful chemicals per unit of body mass may contribute to these results. In addition, we observed that current smoking is related to the occurrence of stroke of any type. The idea that there is a population of ex-smokers who started smoking again and are actually current smokers cannot be neglected. Moreover, passive smoking can also increase the risk of stroke; consequently, people living in an environment with smokers should also be considered.
The mechanism by which passive smoking can increase the risk of stroke has been reported in many studies. Passive smoking can lead to carotid atherosclerosis, [31] and the levels of homocysteine, fibrinogen, and oxidized low-density lipoprotein cholesterol can also be elevated by smoking. [29, 32] Epidemiological studies have concluded that smoking can increase the risk of sudden cardiac death. [33] A meta-analysis also revealed that smoking was associated with an increased risk of atrial fibrillation in a dose-dependent manner. [34] Additionally, smoking has also proven to be related to diabetes, high blood pressure, and elevated resting heart rate, which are all risk factors for stroke. [35, 30] Furthermore, smoking plays a possible role in some genetic diseases, such as Fabry disease, which can impair the central nervous system and lead to cerebral infarction and transient ischaemic attack. [36, 37] The key strength of the present study is that it explored the relationship between stroke and smoking from different aspects. From this meta-analysis, we can conclude that passive smokers and ex-smokers have a higher risk of stroke than nonsmokers do. In addition, the relationship between smoking and stroke can also be influenced by sex. 
Limitations
Limitations also exist in this study. First, heterogeneity was observed in this meta-analysis, resulting from different characteristics of the participants and inconsistent definitions of outcome measures. To decrease the publication bias, stratified analyses were conducted. Second, the trim-and-fill method was used, which can estimate the number of unpublished and grey literature studies and suggested that the association was not affected by unpublished negative studies. Third, stroke can be divided into different subtypes. In this meta-analysis, however, we discussed only IS and HS. HS can be further subdivided into intracerebral HS and subarachnoid HS; however, because of limited information, we did not perform further analyses on the HS subtypes.
Future directions
Stroke can be divided into subtypes; however, most of the included studies discussed only IS and HS. HS can be subdivided into intracerebral HS and subarachnoid HS, and further analysis may be performed between the subtypes of HS in future studies. In addition, this meta-analysis indicated that former smokers did not show a higher risk of stroke; however, further studies should be conducted among former smokers to determine whether the duration of smoking cessation affects the current risk of stroke.
Conclusion
From this meta-analysis, we can conclude that stroke has a dosedependent relationship with smoking, regardless of status as a current smoker or passive smoker. In addition, there was a relationship between stroke of any type and current smoking status regardless of sex, follow-up duration or study sample size. However, in this meta-analysis, we did not find an association between former smokers and the incidence of stroke, indicating that quitting smoking has a positive effect on the incidence of stroke. Additionally, there are still some potential confounders due to lack of information; consequently, additional studies with larger sample sizes and more detailed information are needed for further clarification.
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